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Abstract
Light nuclei have much smaller binding energy compared to the temperature of the system created in heavy-ion
collisions. Consequently, the distributions of light nuclei can be used to probe the freeze-out properties, such as cor-
relation volume and local baryon density of the medium created in high-energy nuclear collisions. In this paper, we
report the results of deuteron and anti-deuteron production in Au+Au collision at
√
sNN = 7.7, 11.5, 14.5, 19.6, 27, 39,
62.4, and 200 GeV, measured by STAR at RHIC. The collision energy, centrality and transverse momentum dependence
of the coalescence parameter B2 for deuteron and anti-deuteron production are discussed. We find the values of B2
for anti-deuteron are systematically lower than those for deuterons indicating the correlation volume of anti-baryon are
larger than that of baryon. In addition, the values of B2 are found to decrease with increasing collision energy and reach
a minimum around
√
sNN = 20 GeV implying a change of the equation of state of the medium in these collisions.
Keywords: Deuteron, Coalescence parameters
1. Introduction
The formation of nuclei and anti-nuclei in relativistic heavy-ion collisions is through coalescence of
produced or participant nucleons and produced anti-nucleons [1, 2, 3]. Since the binding energy of light
nuclei is small (∼2.2 MeV for d (d¯) and ∼7.7 MeV for 3He), they can not survive when the temperature is
high. They might break apart and be created again by final-state coalescence when the temperature is low.
In such a coalescence picture [4], the invariant yields of light nuclei with charge Z and atomic mass
number A can be described as the product of the yields of their constituents (protons and neutrons) and
through a coefficient BA, the so-called coalescence parameter,
EA
d3NA
d3pA
= BA
(
Ep
d3Np
d3pp
)Z(
En
d3Nn
d3pn
)A−Z
≈ BA
(
Ep
d3Np
d3pp
)A
(1)
where pA = App. This is applicable assuming that the distributions of neutrons and protons are the same.
The coalescence parameter BA reflects the probability of nucleon coalescence, which is related to the local
nucleon density.
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The production of light nuclei can also be described by thermodynamic models [5, 6, 7], in which
chemical equilibrium among protons, neutrons and light nuclei is achieved. The effective volume of the
nuclear matter at the time of condensation of nucleons into nuclear clusters, also called “nucleon correlation
volume Veff”, is related to the coalescence parameter BA,
BA ∝ V1−Aeff (2)
For deuteron production [8, 9], B2 ∝ 1/V . The production of light nuclei can provide us with useful
information on nucleon density and correlation of nucleons.
2. Results and discussions
The results presented here are based on RHIC Beam Energy Scan (BES) and are obtained for Au+Au
collisions at
√
sNN = 7.7∼200 GeV at mid-rapidity (|y| <0.3) using both STAR Time Projection Chamber
(TPC) and Time Of Flight (TOF) detectors. The transverse momentum spectra of identified d (left panel)
and d¯ (right panel) at five collision centrality intervals in Au+Au collisions are shown in Fig. 1. Due to the
limited statistics and low dN/dy, there are not enough candidates to show the d¯ spectra of 7.7 GeV. The
spectra show a hardening with increasing multiplicity/centrality and are fitted with individual blast-wave
functions. The results of the blast-wave fitting are shown as dashed lines in the Fig. 1.
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Fig. 1. Mid-rapidity (|y| < 0.3) transverse momentum spectra for d in Au+Au collisions at √sNN = 7.7 ∼ 200 GeV for 0-10%,
10-20%, 20-40%, 40-60%, and 60-80% centralities. The dash lines are the individual fits with blast-wave functions. The boxes show
the systematic error and vertical lines show the statistical error separately.
The pT -integrated dN/dy values are obtained by sum of the experimental measured data points and the
blast-wave results for the unmeasured pT regions. Left panel of Fig. 2 shows the results of d/p and d¯/ p¯
dN/dy ratios in 0-10% Au+Au collision at BES energies and compared with the central collision results of
SIS, AGS, SPS, RHIC PHENIX, and LHC [9, 10, 11, 12, 13]. The proton and anti-proton are corrected for
the weak decay feed-down. The dash lines are results from thermal model calculation employing parameters
established from the analysis of light hadron production in relativistic nuclear collisions [5]. The thermal
results fit to the ratios of d/p and d¯/ p¯ well.
To study the isospin effect in heavy-ion collision, the d/p2 and d¯/ p¯2 ratios in 0-10% Au+Au collision
are shown in right panel of Fig. 2. In thermal model with grand canonical ensemble, we can find that
d¯/p¯2
d/p2
= e
2µQ
T (3)
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Fig. 2. Left panel : d/p (red circles) and d¯/ p¯ (blue circles) ratios for Au+Au 0-10% central collision at BES energies. The dotted lines
are thermal model predictions. Right top panel : d/p2 (red circles) and d¯/p¯2 (blue circles) ratios for Au+Au 0-10% central collision
at BES energies. Right bottom panel : Extracted µQ/T from BES d/p2 (red circles), BES pi+/pi−, and NA49 pi+/pi− [11]. The blue
dotted-line represents the initial iso-spin for Au+Au collision. The brackets show systematic error and vertical lines show the statistical
error separately. The boxes are errors for proton and anti-proton.
If the isospin effect can be ignored, these µQ should be zero. However, in the right bottom panel of Fig. 2,
it is shown that µQ/T , 0 in central Au+Au collision below 20 GeV. µQ/T = −0.42 from initial p/n ratio
is shown as a blue dotted line. The µQ/T seems to increase with collision energy and reach saturation (= 0)
at high energy, because almost all the particles and anti-particles are produced in the mid-rapidity at high
energies. The µQ/T can also be obtained from the pi+/pi− ratio as
µQ
T
=
1
2
ln
(
pi+
pi−
)
(4)
In the right bottom panel of Fig. 2, the µQ/T from RHIC-STAR BES and SPS NA49 pi+/pi− results are
shown. It is found that, at
√
sNN < 20 GeV, the −µQ/T from pi+/pi− are larger than those from (d¯/p¯2)/(d/p2),
which may indicate that there are some residual fragments which do not fragment to nucleons or quarks at
low collision energies. At these low collision energies, the baryon degree of freedom is dominant.
Results of coalescence analysis of deuteron and the proton spectra are presented in Fig. 3. This figure
demonstrates that the B2 in general depends on mT , which can be described by
B2 = a exp [b(mT − m)] (5)
The B2 increases with mT , which might suggest an expanding collision system. B2 decreases with collision
centrality which can be explained by a decreasing source volume, the smaller distance between the protons
and neutrons, the more likely they coalesce.
Figure 4 compares the results for 0-10% B2 (pT /A =0.65 GeV/c) and other experimental central col-
lision data. B2 reaches a minimum around
√
sNN = 20 GeV. Below 20 GeV, the coalescence parameter B2
decreases with
√
sNN implied that the emitting source increase with collision energy. These non-monotonic
patterns are consistent with the minimum observed for the energy dependence of the viscous coefficients
and pi HBT results [14]. The new observation is that the B2(d¯)s are systematically lower than those of B2(d)s
implying the emitted source of anti-particles is larger than those of particles.
3. Conclusions
We presented systematic studies of d and d¯ production in heavy-ion collisions at
√
sNN = 7.7∼200 GeV.
The d/p and d¯/ p¯ ratios can be well reproduced by the thermal model. The isospin extracted from d/p2 is
larger than those from pi+/pi− which may suggest that some of the observed deuteron are from the nuclear
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Fig. 3. Coalescence parameter B2 as a function of mt − m for deuterons (left panel) and anti-deuteron (right panel) from 39 GeV
0-10%, 10-20%, 20-40%, and 40-60% Au+Au collisions. The boxes show systematic error and vertical lines show the statistical error
separately. The dashed lines represent fits with an exponential in mT .
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Fig. 4. Comparison of the coalescence parameter B2 for deuterons and anti-deuterons (pT /A =0.65 GeV/c) with other experiments
for central A+A collisions. The boxes show systematic error and vertical lines show the statistical error separately.
fragmentations. The extracted coalescence parameter B2 exhibits a decrease with collision centrality and an
increase of transverse mass. B2 from central collision reaches a minimum around
√
sNN = 20 GeV, which
might imply a change of equation of state. B2(d¯) values are systematically lower than that of B2(d) implying
emitted source of anti-baryons is larger than that of baryons.
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